Mesotheliomas with pleomorphic features are rare and only a few studies on this mesothelioma variant have been published. Little information regarding the immunoprofile of these tumors and none on their electron microscopic features was included in these studies. Herein are reported 10 cases of pleomorphic mesothelioma that were investigated using a large panel of immunohistochemical markers, 4 of which were also studied by electron microscopy. All of the patients were men and seven had a history of asbestos exposure. Nine of the cases originated in the pleura and one in the peritoneum. Histologically, the tumors were characterized by being composed of large, often discohesive, cells that varied in size and shape, had dense abundant eosinophilic cytoplasm, and single or multiple irregular nuclei, which often contained one or several large nucleoli. Mitotic activity was high and atypical mitoses frequent. Immunoreactivity for pan-keratin and keratin 7 was strong in all of the cases. Expression for calretinin, WT1, podoplanin, mesothelin and keratin 5/6 was also frequent, but variable. All cases were negative for MOC-31, carcinoembryonic antigen, CD15, TAG-72 and thyroid transcription factor-1. Electron microscopy often showed the presence of abundant long, slender microvilli on the cell membrane of the neoplastic cells. These findings demonstrate that, contrary to what has been suggested by some investigators, both immunohistochemistry and electron microscopy can be very helpful in assisting in the diagnosis of pleomorphic mesotheliomas. That the seven patients who underwent extrapleural pneumonectomy had extensive lymph node metastasis and that the median survival of those patients for whom follow-up information was available was only 8.2 months indicates that mesotheliomas with pleomorphic features are associated with highly aggressive clinical behavior. Therefore, when this subtype of epithelioid mesothelioma is present, it should be reported as it can significantly affect the prognosis and treatment of the patient.
A well-known characteristic of mesotheliomas is their ability to grow in a wide variety of histologic patterns. Based on their light microscopic features, the 2004 WHO Classification defines four major histologic subtypes of diffuse malignant mesothelioma: epithelioid, sarcomatoid, mixed epithelioid and sarcomatoid (biphasic), and desmoplastic. 1 Although epithelioid mesotheliomas most frequently present a tubulopapillary, adenomatoid (microglandular) or solid pattern, on rare occasions, they may present other histologic patterns, including deciduoid, [2] [3] [4] clear cell, 5, 6 adenoid cystic, 7 pleomorphic, 8, 9 small cell, 10, 11 rhabdoid, 12 glomeruloid, 13 signet-ring cell 14, 15 and oncocytoid. 16 Some of these patterns, such as the pleomorphic, however, have not been well defined. This is apparent in a recent publication in which it was suggested that pleomorphic mesothelioma should be regarded as a sarcomatoid pattern, rather than a subtype of diffuse epithelioid malignant mesothelioma as it is currently considered in the WHO Classification. 9 In a review of the literature, I was able to find only three publications that focused primarily on pleomorphic mesothelioma, 8, 9, 17 one of which was a case report. To my knowledge, with the exception of that single case report, no other study has been published in which the immunophenotype of a pleomorphic mesothelioma was investigated. The lack of sufficient information on the immunoprofile of pleomorphic mesothelioma and the need to better define the criteria for the diagnosis of this histologic variant of mesothelioma prompted the investigation of 10 such cases by immunohistochemistry. Electron microscopy was also performed in four of these cases. Nine cases originated in the pleura and one in the peritoneum. At present, no study on the ultrastructure of pleomorphic mesothelioma has been published. Additionally, peritoneal pleomorphic epithelioid mesotheliomas have not been previously documented.
Materials and methods
Ten cases of pleomorphic mesothelioma were identified from a review of 640 cases of mesothelioma from the files of the Department of Pathology at The University of Texas MD Anderson Cancer Center, Houston, TX, USA. Nine patients were referred to this institution for further evaluation and treatment, and one case was sent in consultation to the author. Hematoxylin-and-eosin-stained sections were available in all cases. In addition, cytology preparations of a pleural effusion were available in one case. Immunohistochemical studies were performed on formalin-fixed, paraffin-embedded tissue specimens using the avidin-biotinperoxidase complex method in a Dako AutoStainer (Carpinteria, CA, USA). The primary antibodies used are listed in Table 1 . The immunostaining was carried out using the LSAB2 peroxidase kit (Dako). To enhance the immunostaining, a heat epitope retrieval procedure was performed using a Black-and-Decker vegetable steamer (Shelton, CT, USA) as previously described. 18 The antigen-antibody immunoreaction was visualized using either 3-amino-9-ethylcarbazole or 3,3 0 -diaminobenzidine as chromogen. To evaluate the specificity of the immunoreaction, known positive and negative tissues were used as controls. The immunostaining was graded on a sliding scale of 1 þ to 4 þ according to the percentage of reactive cells (trace, o1%; 1 þ , 1-25%; 2 þ , 26-50%; 3 þ , 51-75%; 4 þ , 475%). For ultrastructural studies, samples of the tumor were fixed in 2% glutaraldehyde in phosphate buffer, post-fixed in 1% osmium tetroxide and embedded in epon epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate.
Results

Clinical Findings
All 10 patients were men, ranging in age of 61 to 74 years (mean, 66. 7). There was a history of asbestos exposure in seven patients and smoking in five.
In nine of the cases, the mesothelioma originated in the pleura and in one, in the peritoneum. Two of the patients received chemotherapy alone; seven underwent extrapleural pneumonectomy with four of these also receiving radiotherapy after surgery and one chemotherapy before surgery. Treatment information was not available in the remaining patient. Six of the seven patients for whom follow-up information was available died of recurrent disease 3 to 7 months after diagnosis (mean, 7.3 months) and one is alive with recurrent disease 3 months after extrapleural pneumonectomy.
Pathology Findings
Gross examination of the seven extrapleural pneumonectomy specimens showed diffuse involvement of the visceral and parietal pleura with encasement of the lung. Three cases had involvement of the pericardium, diaphragm and adjacent lung parenchyma (cases 7, 8 and 10), and one each of the diaphragm and pericardium (case 2), diaphragm and lung (case 6), pericardium alone (case 9) and adjacent lung parenchyma alone (case 4). Multiple lymph nodes were involved by metastasis in all of the cases. The most significant light microscopic findings are summarized in Table 2 . Histologically, the tumor present in the biopsy material was entirely composed of pleomorphic epithelioid cells (cases 1, 3 and 5); whereas, the proportion of the pleomorphic cell component ranged from 20 to 100% in the pneumonectomy specimens (cases 2, 4, 6, 7, 8, 9 and 10). In all of the cases, the tumor usually appeared to be made of large discohesive epithelioid cells that varied in size and shape, and contained abundant, dense eosinophilic cytoplasm (Figures 1a, b, 2a, b and 3a-c) . The nuclei were irregular and either single or multiple, and the chromatin often clumped and irregularly distributed throughout the nucleus (Figures 1b, 2b and 3d) . Large single or multiple nucleoli were often seen (Figures 2b and 3b, g ). In two cases (cases 4 and 5), there were focal areas in which the cells contained intracytoplasmic vacuoles (Figure 2c ). Although in Figure 2a ). In some areas of the tumor in one case (case 1), the neoplastic cells appeared to be lining irregular spaces or forming papillary-like structures ( Figure 1a) ; whereas, in another (case 10), the cells appeared to be arranged in a tubularlike array ( Figure 3h ). An interesting finding in one of the cases (case 5) was that the mesothelioma, in addition to presenting pleomorphic morphology, also had areas resembling deciduoid mesothelioma, but which were associated with numerous multinucleated cells and a large number of mitoses that were often atypical (Figures 3a and b) . In all of the cases, the mitotic activity was high (over 20 per 10 high-power fields) and atypical mitoses were frequently seen (Figure 3b) . Two of the cases (cases 4 and 10) exhibited prominent lymphatic invasion (Figures 2d and e). In the one case (case 10) for which cytology preparations of the pleural effusion were available for review, numerous tumor cells exhibiting features of pleomorphic mesothelioma were seen ( Figure 4 ).
Immunohistochemistry
Immunohistochemical results are summarized in Table 3 . The pleomorphic cells in all 10 cases strongly reacted for pan-keratin and keratin 7. They were also positive for keratin 5/6 in six of the eight cases investigated, but the staining tended to be more focal than that for keratin 7. The staining for all of the other positive mesothelioma markers investigated, including calretinin, WT1, mesothelin and podoplanin, was variable. In all, 8 of 10 cases were positive for calretinin, 4 of 6 for WT1, 6 of 7 for mesothelin and 5 of 7 for podoplanin. The immunoreactivity was both nuclear and cytoplasmic for calretinin, and it was nuclear for WT1; whereas, it usually occurred along the cell membrane for both mesothelin and podoplanin. Strong positivity for podoplanin was also seen in the lymphatics, which not only served as a positive internal control, but also allowed the lymphatic invasion by tumor to be evaluated. None of the cases that were stained for MOC-31, CEA, CD15, TAG-72 or TTF-1 were positive for any of these markers.
Electron Microscopic Findings
The ultrastructural features of all four of the cases for which tissue was submitted for electron microscopic evaluation (cases 4, 6, 7 and 10) were very similar. The neoplastic cells often appeared discohesive and the cell junctions in the areas in which the cells remained attached to each other were often small and poorly developed (Figure 5a ). The apical and lateral surfaces of the cell membrane were covered by a large number of long, slender microvilli (Figures 5a-c and 6b). The nuclei were pleomorphic, single or multiple, often exhibited markedly irregular contours, and contained one or several large nucleoli (Figures 5a-c) . The cytoplasm was abundant and had a variable number mitochondria, short profiles of rough endoplasmic reticulum and abundant intermediate filaments that sometimes appeared to be arranged in bundles (Figure 5d ). In one case (case 4), some of the neoplastic cells exhibited intracytoplasmic lumina, sometimes containing electron dense material, presumably hyaluronic acid or hyaluronic acidcontaining proteoglycans (Figure 5d ). In another case (case 6), the cytoplasm of some cells contained a large number of tubules with a honeycomb structure located within the cisternae of the rough endoplasmic reticulum (Figures 6a-c) .
Discussion
One of the main characteristics of tumors derived from the serosal membranes is the wide variation in their histologic appearance. Histologically, mesotheliomas have been classified into three major variants: epithelioid, spindle, and mixed or biphasic. Epithelioid mesotheliomas typically present a tubulopapillary or solid pattern, but, on occasion, they may exhibit adenomatoid, deciduoid, clear cell, signet-ring or small cell features. The term pleomorphic mesothelioma is used to designate a variant of epithelioid mesothelioma that is characterized by being composed of pleomorphic epithelioid cells showing nuclear enlargement, hyperchomasia, prominent nucleoli and, frequently, multinucleation, thus resembling a pleomorphic carcinoma. for any antigen, except broad-spectrum keratin, and may not have specific ultrastructural features. 19 The results of this study show that, in general, pleomorphic mesotheliomas maintain the immunophenotype seen in other types of epithelioid mesotheliomas, particularly their expression of both pan-keratin and keratin 7, which were found to be diffusely and strongly positive in all 10 cases in the pleomorphic mesothelioma component. Immunoreactivity for the other positive mesothelioma markers investigated (keratin 5/6, calretinin, WT1, mesothelin and podoplanin) was more variable, as none of these were found to be expressed in all of the cases and the staining was sometimes focal. Also, in contrast to the experience of other investigators, 19 electron microscopy frequently demonstrated the presence of some of the ultrastructural features that are regarded as being characteristic of mesothelial differentiation, such as the presence of numerous long, slender microvilli on the apical and lateral surfaces of the cell membrane, in the pleomorphic neoplastic cell component. An interesting ultrastructural finding in one of the cases was the presence of tubular crystalloid inclusions within the cisternae of the endoplasmic reticulum. Crystalloids, such as those seen in this case, were first described by Henderson et al 20 in the neoplastic cells of a pleural effusion from a patient with mesothelioma and were thought to be secretory products of the rough endoplasmic reticulum that could not be transported or secreted by the cell. Hammar et al 21 reported four cases of mucicarmine positive mesothelioma in which tubular crystalloids were found to be associated with the microvilli in all four cases, as well as in the cytoplasm in one. More recently, in a prospective ultrastructural study of 59 epithelioid mesotheliomas, crystalloid inclusions were found in 9 (15%) of the cases, which indicates that crystalloids are not as rare a finding in mesotheliomas as was previously thought. 16 This study also concluded that, when present, these crystalloids can serve as a helpful ultrastructural marker for assisting in the diagnosis of mesotheliomas because of their unique morphology.
Mesotheliomas with pleomorphic features can be confused with a variety of other tumors with similar morphology that can involve the serosal membranes. The tumor with the greatest potential of being confused with mesotheliomas with pleomorphic features are pleomorphic carcinomas of the lung. In these instances, immunohistochemical studies can greatly facilitate the differential diagnosis. In my experience, pleomorphic carcinomas of the lung, in contrast to pleomorphic mesotheliomas, do not express calretinin, mesothelin or WT1 and, therefore, immunostaining for these markers can assist in discriminating between these two malignancies. TTF-1, which is invariably absent in mesotheliomas, has been reported to be expressed in about 50% of the cases of pleomorphic carcinoma of the lung; 22 therefore, when immunostaining for this marker is present, it may help to establish the lung origin of a pleomorphic carcinoma involving the pleura. Another type of carcinoma with which pleomorphic mesotheliomas can potentially be confused is anaplastic thyroid carcinoma, as these tumors frequently metastasize to the lung and may involve the pleura. As in the case of pleomorphic carcinomas of the lung, anaplastic thyroid carcinomas do not express calretinin, mesothelin or WT1, but can express Pax8, 23, 24 a marker that is absent in mesotheliomas. 25 TTF-1 has little value as it has been reported to be expressed only in a small percentage of anaplastic thyroid carcinomas. 23, 26 Pleomorphic mesotheliomas can also be confused with some sarcomas. The two sarcomas with the greatest potential of being confused with pleomorphic mesotheliomas are angiosarcomas and the pleomorphic variant of malignant fibrous histiocytoma. Pleural angiosarcomas are often epithelioid and can easily be mistaken for a mesothelioma, both clinically and histologically, [27] [28] [29] [30] and examples of epithelioid pleural angiosarcomas exhibiting marked pleomorphism that could easily be confused with pleomorphic mesotheliomas have been documented in the literature. 31 The pleural biopsy of one of the mesotheliomas cases in this study (case 1), in addition to being somewhat hemorrhagic, showed areas in which the neoplastic cells appeared to be lining irregular spaces resembling the vascular spaces seen in an angiosarcoma ( Figure  1a) . As a result of this, the possibility of an angiosarcoma was considered in the differential diagnosis; however, the strong keratin expression and the mesothelin positivity, together with the lack of reactivity for the endothelial markers CD31 and CD34, allowed the diagnosis of angiosarcoma to be ruled out.
As pleomorphic malignant fibrous histiocytomas can arise in the chest wall and involve the pleura, they can potentially be confused with pleomorphic mesotheliomas, especially in small biopsies. Similar to pleomorphic mesotheliomas, pleomorphic malignant fibrous histiocytomas have a large population of multinucleated malignant cells, but in contrast to those tumors, they also have a large fibroblastic/ myofibroblastic spindle cell component, which is often arranged in a storiform array that, when present in the biopsy, helps to establish the differential diagnosis. In those instances in which the diagnosis is not apparent on routine light microscopy, immunohistochemical and/or electron microscopy studies can be very helpful as pleomorphic malignant fibrous histiocytomas do not express mesothelial markers, such as calretinin, WT1, podoplanin or mesothelin, and do not present ultrastructural features indicating mesothelial differentiation.
On occasion, sarcomatoid mesotheliomas can be very anaplastic and may contain bizarre multinucleated tumor cells, which results in a picture that most closely resembles a pleomorphic malignant fibrous histiocytoma; however, these tumors need to be distinguished from the pleomorphic variant of epithelioid mesothelioma. That all of the pleomorphic mesotheliomas in the present series were characterized by marked cellular discohesion, high mitotic activity and prominent epithelioid morphology, including the presence in some cases of poorly formed tubular or papillary structures (Figures 1a and 3h ) or deciduoid features (Figure  3a ), supports the current belief that these tumors should be regarded as a high-grade variant of epithelioid mesothelioma, 19 and should not be reclassified as sarcomatoid mesotheliomas as has recently been proposed by some authors. 9 Further support for this position is also provided by the electron microscopic finding, in the present investigation, of a large number of long slender microvilli that were frequently seen on the cell membrane of the neoplastic cells. This is in contrast to sarcomatoid mesotheliomas in which the cell membranes are usually devoid of microvilli, and if such structures are present, they are sparse and rudimentary. Additionally, the fact that the cytologic examination of the fluid from the pleural effusion in the case in which this material was available for review revealed a large number of neoplastic cells exhibiting features of pleomorphic mesothelioma is another indication that pleomorphic mesotheliomas are better classified as high-grade epithelioid mesotheliomas, rather than as sarcomatoid mesotheliomas, Calretinin  0  2+  2+  4+  3+  3+  2+  3+  4+  0  Pan-keratin  4+  4+  4+  4+  4+  4+  4+  4+  4+  4+  Keratin 7  4+  4+  4+  4+  4+  4+  4+  4+  4+  4+  Keratin 5/6  0  2+  ND  3+  3+  2+  ND  1+  3+  0  WT1  0  ND  4+  3+  ND  3+  ND  1+  ND  0  Podoplanin  0  2+  ND  3+  ND  3+  ND  0  4+  1+  Mesothelin  1+  ND  4+  4+  ND  4+  ND  0  4+  2+  MOC- as the latter tumors usually do not exfoliate cells into the effusion fluid.
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As Kadota et al 9 found that the survival of patients with pleomorphic mesothelioma was very similar to that of patients with sarcomatoid mesothelioma, these authors suggested that the pleomorphic subtype of mesothelioma, which is currently classified as an epithelioid mesothelioma according to the 2004 WHO Classification, 1 should actually be regarded as having a sarcomatoid pattern and these tumors be reclassified as biphasic or sarcomatoid diffuse malignant mesotheliomas. Based on the results of the present investigation, however, the histological and ultrastructural features of mesotheliomas with pleomorphic features more closely resemble those of a conventional epithelioid, rather than a sarcomatoid, mesothelioma, thus justifying that these tumors should continue to be regarded as a histologic subtype of epithelioid mesothelioma.
That all of the patients who underwent extrapleural pneumonectomy in this study were found to have multiple lymph node metastases at the time of surgery is in agreement with the recent report indicating that diffuse epithelioid pleural mesotheliomas exhibiting pleomorphic features behave in a very aggressive manner. Galateau-Salle et al 17 reported in an abstract that the median survival of 44 patients with diffuse epithelioid pleural mesotheliomas with pleomorphic features was 7 months, compared with 13 months for those with more conventional epithelioid mesothelioma. Similar results were obtained in a more recent investigation by Kadota et al 9 who found that among the 232 patients with diffuse pleural mesothelioma that they investigated, those whose tumor exhibited pleomorphic features in over 10% of the tumor had a worse prognosis. The median survival of the 34 patients who were diagnosed with pleomorphic mesothelioma was 8.1 months, compared with a median survival of 16.2 months for all of the patients who were diagnosed with diffuse epithelioid pleural mesothelioma. The results of these two studies are in concordance with the median survival of 7.3 months obtained in this study.
In conclusion, mesotheliomas with pleomorphic features are characterized by being composed of large, often discohesive, epithelioid cells that vary in size and shape, have abundant dense eosinophilic cytoplasm, and a single or multiple irregular nuclei often containing one or several large nucleoli. The immunohistochemical profile is similar to that seen in other subtypes of epithelioid mesothelioma and electron microscopy often demonstrates that the cell membranes are covered by abundant long, slender microvilli, a feature that is typically present in epithelioid mesotheliomas. Based on these findings, immunohistochemical and electron microscopy studies can be very helpful, not only in assisting in distinguishing these tumors from other malignancies with which they may be confused, but also in providing support for the view that pleomorphic mesotheliomas should continue to be considered a high-grade subtype of epithelioid mesothelioma, not a sarcomatoid mesothelioma as has recently been suggested. As mesotheliomas with pleomorphic features are associated with highly aggressive clinical and biologic behavior, when this subtype of epithelioid mesothelioma is present, it should be mentioned in the pathology report as this can significantly affect the prognosis and patient treatment.
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